AD-A158 429 CONTRDL DF CHSCHDED INDUCTIDH GENERHTOR SVSTEHS(U)
CLARKSON COLL OF TECHNOLOGY POTSDAM NY DEPT OF
ELECTRICAL AND COMPUTER ENGINEERING T H MEYER

UNCLASSIFIED 13 DEC 84 AFOSR-TR-84-1259 AFOSR-83- 9268 F/G 16/2

uugn

ome




AN At

SRR TN S
- il
LR IPL PR S WL ALO D

Ciadh 8
-

2

N

28

d3da

NATIONAL BUREAU OF STANDARDS-1963-A

- .
l.O
———
————
|c|
m—
——
——
——
——

MICROCOPY RESOLUTION TEST CHART

22 i nie

.

W e v, a
LYSRENTR PV Yo P
.

-7

ot

-

g
PISIAS

L4

L




AT AT AT A T T I T T T L e R A GRS At e R
- S RACRCRCRYCA IS S ITAS GRS SRISRECI RS ot

, o
UNELAS'SiﬁEB | :
1 3 " SECURITY CLASSIFICATION OF THIS PAGE (When Deta Entered) . }

REPORT DOCUMENTATION PAGE BEFORE COMPLELING PORM

2. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER

"RFOSKCTR. 84.1259 | o

4. TI\TLE (and Subtitfe) S. TYPE OF REPORT & PERIOD COVERED

9/1/83 - 8/30/84 /—. /
Control of Cascaded Induction Generator E -—t”'l‘echnicalﬁ-' e

DISTRIBUTION STATEMENT (of this Report)

Systems 6. PERFORMING O3G. REPORT NUMBER ::.:.-_:
Apnuat Technical i RS
7. AUTHOR(a) 8. CONTRACT OR GRANT NUMBER(s) 1 .-':;1'\
- m . e f .
omas H. Ortmeyer AFOSR -83-0268 -
. ! .
m 'ERFORMING ORGANIZATION NAME AND ADORESS 10. PROGRAM ELEMENT PROJECT, TASK FORRS
2 N Clarkson University e ';“ T HumsERs A
E < Department of Electrical and Computer Eng. é/ 0 F o
. Potsdam, NY 13676 2305/09 |
o CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
N AFOSR/NE 12/13/84
- Building 410 13. NUMBER OF PAGES
< Bolling AFB, DC 20332 UNCLASSTFIED L
MONITORING AGENCY NAME & ADORESS(1f different from Controlling Oftice) 1S. SECURITY CLASS. rof thia report) v__r"_‘_‘
' e ~
4 LASSIRED
< 1Sa, DECLASSlﬂCATION/DOmAGﬂAOmG A

Approved for public release; —
distribution unlimited. .~ s
17. OISTRIBUTION STATEMENT (of the sbatract entered in Block 20, iIf different from Report) .'}"
PT‘-'
18. SUPPLEMENTARY NOTES
S
QS-
(N | 19. KE2Y WOROS (Continue on reverse side il necessary and identily by block number) -
—— o«
.

) | & \ -
‘-', _——— .
:'.- E 20. ABSTRACT (Continue on reverse side if necessary and identify by block number)
o ' This report documents an investigation of the stability and control of
D g
L cascaded doubly fed machines (CDFM). These machines are brushless variable -
e speed constant frequency electric power genmerators with potential for -:.;l:.
application in aircrafe. 8 5 O 1 3 1 0 l 8 o
’. ' o
v DD ,.5%", 1473  ecition oF 1 nov es s ossoLETE U"Lm -

) ; . e SECURITY CLASSIFICATION OF THIS PAGE (When Nats Fntes. -:L;ij
"""""""""""""""""" e N L S




- - . P ., P T L Y M M P A » . - . . . Lo I [ af
. - . - . - - . - W T T wT - .
L
LR
o0l
i .‘-.‘4
o

o
SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)
P ————— - —h

S—
R ——

y //7 A previous analytical study indicated the CDFM system would be c&ntiouablo]
the subsynchronous operating mode with a passive RL load. The present study
tains two steps. First is an investigation of the machine operatiom in the
jsupersynchronous mode. The second step is an investigation of machine opcuti.olﬁ

Jwith output capscitors providing excitationm VARS for the machine and load.

Step 1l results show that the machines exhibit stability characteristics in :
the supersynchronous mode similar to those observed in the subsynchromous mode.
Step 2 results show that output capacitors degrade the system performance, _____
particularly at light loads. The results show that output current feedback can :
be employed to improve the system perfomnce.’ 1

.

IN
[

Accession Por
TNITS  GRAXIL ¢

T™' TAE
U La. waaced
AP & 1% SO st

N

i
t
I

UNCLASSIFIED 7z

SECURITY CLASHFICATION OF Tu'® PAGE(When Data Entered) ‘:- S

= % % AR RE -‘,.f\4'_-f-'.'-'. e Ve, e . "\l'\-'. D I 0 0 P e T P A
A 2FREIIOT NIRRT IO SR {‘-'u':":";":"_'-'g';J'L~'L-'.';‘.'_-'z_~f:(‘\:~'1 :_.:_.:_.;_:.- \;:_i‘-__..;_:;_.:_.‘-:._\_.:,:-__.::._-_..~___-.-'-.-_-..‘.,'_-. DAY




RN L AR Sl St RN A A A L ..! PR AR G L N S LA T S g

m?oSR-TR- 84-1259

Control of Cascaded Induction Generator Systems

Annual Technical Report

By

T.H, Ortmeyer

Department of Electrical and Computer Engineering

Clarkson University

Potsdam, New York 13676

- ~ .‘..:\'. .'.\' n.'.n_"-." '.: St ..-';~‘ _;-'.:-'\'-",:-'\ N

IR RTLTI
\ " \ \ [y '.' e
L AN LN

o - O AN .\ .;.. ~_. AW

et



.....
.................

‘ AIR D
OrrIce N
b ’ INTRODUCTION ,O7ICEOP rRiy: e CTENTINTC Ry -

% techujn- :r}wu 0 DT SEARCH (APSC)
5PPPOVed Poy o~ . - '-‘"';- Yo i L
sttributiong;.f“ii ,L‘ XN ars iggi{Qd is
“lingg .
Chier ,J' KERPER o
» T¢haioa] ne, , il
Cascaded doubly fed machines have been shown to have potentia o2 Piviston - I

application in aircraft electric power systems. An initial investigation of the

steady state performance of these machines (1] predicted their ability to

perform as a brushless variable speed constant frequency gemerator, with -

;} competitive weight and cost and the potential for high reliability.

i: The basic system iayout is shown in Figure 1. The machines have

sulti-phase AC windings on both the stator and rotor. Excitation for the main ]
machine rotor is provided by the exciting machine. The stator of the exciting =
machine is supplied by a solid f:ate powver couverter counected to a shaft driven i:ij
permanent magnet machine, which provides stand alone capability. As direct .
currents caanot be induced onto the rotor, the main machine must be operated

strictly above or below synchronous speed. When using conventional machine i;;i
analysis during supersynchronous operation, negative frequencies occur [2]. TT?:
These negative frequencies complicate the analysis of the supersynchromous Q;ﬁ?

operating mode. An investigation of machine stability in the subsynchronous

operating mode [3] showed that the machine dsmping could be improved by feedback
of the field curremnts to simulate an increased field resistance. With the
anslytical model used, the resistance simulation provided stability and good S
response. Subsequent laboratory tests of the steady state [4] and dynamic state
[5] have shown the validity of the analysis.

The purpose of this project has been to analyze the dynamic operation of

the machines to provide understanding in two particular areas: first, the

machine characteristics in supersynchronous operation; and secondly, the affect ﬂ:ﬁj

of capacitance connected at the machine output on the dyaamic performance. The Ak

]

A . e . . -
. report is divided into two main sections which represent these two goals. Each q}i
N
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uc‘tiou begins with & derivation of the model required for the analysis. In
both cases, the model was used for linearized snalysis and nonlinear time domain
simulation. The results scquired from the snalysis and resulting conclusions,

ave presented in each section. The final computer programs are listed in the

appendix, with brief descriptions.

Permanent
Magnet
Machine
Rotating Prime
Rotor Mover
Connection

OFM2

1 Load

Figure 1. Stand-alone brushless variable speed

constant frequency generator system
using doubly fed (DFM).
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‘ Step 1: Supersynchronous Operatiou. N 4
a) Ansalysis R
The snalysis of the two doubly fed machines is based on the two axis theory

o Do S

of machines [6]. The definitions for the reference frames for each machine are

shown in Pigure 2. In this figure, the main, or output, machine is designated

ss machine M1, and the exciting machine is designated as M2. The reference

frame speed is defined as

p© =w " nominal output frequency, eslectrical rad/sec (1)

with respect to the stator magnetic axis. p(+) is defined as the derivative "o
operator d(¢)/dt, w e is the synchronous speed of this machine. The stator
transformsaiion from three phase quantities to axis quantities “m
.
_jvr un Ui N
® '/'ﬁ cosd c«(e--?-) co-(e+§—') (2) r'.j.‘t_;;
-sind 'Otn(0~§—") -un(e+%'l -‘"Z"-.'_i
—
Similarly, rotor transformation is P . The resulting machine equations are: "'—*
Yas " Tulge T Py - "'c'\qs
Ves © 's"q- T Phs T uetys NN
Var = Telar Y PAgp - (‘"cwrnqr
v'lr - t't"’qr + pqu + ("'e-“r”dr ‘*f;
“hieca \‘}.:
xcla * Lstds + t‘n"dr ‘\ ;
Y4s ° Lslos * Lalqe —

\dr * Lridr + "n"d. )

dar ™ Lrlqr * ales

During normal steady state operation, the machine output frequency is we

radians per second, and the rotor frequency, or slip frequency is

pB=w . radians/second (5) i
AR {

In this case, the stator and rotor axis voltages and currents are slowly %

b _—
. -
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changing quantities with constant steady state values. The rotor speed is
r = —]2" w =a (6) _

vhere 1'1 is the number of poles of machine 1. Therefore, the slip frequency is

Wy T Wy =W N
with w, being positive for subsynchronmous operation and negative for 555?
supersynchronous operation. - i"‘

As the armature of M2 is on the rotor, the primary reference point for the

d and q axis is the rotor winding. The armsture electrical frequeancy, rotor

speed, and slip frequency are

&
“22 n
P )
- -;- [7Y) Y
“e2 2 = = (8)

all in electrical radisns per second. The angle definitioms are given in Figure

N 2, and l’2 is the number of poles of machine 2. The phase axis transformations

N R
% for this machine are Py and Ps for the armature and field, respectively, and the —_—
electrical quantities are slowly changing variables when the conditions of Eq. 8 I
. are observed.
) R
:‘_.- 1
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Figure 2. d and q axis reference frame definitions
for doubly fed machines M1l and M2.
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The resulting machine 2 equations are:

Vaa = Tataa ¥ PAgp < weiqa
Yaa ® Talqa Y PAa *ugtaa

ar " rf"df + Mdf - (u.z-utz)qu (9)

’
vy
PR

R R

v

'

.
P VPR Y S

- +
Var = Telqe Y Prgp * (wgpmu Ay,

where
‘aa ® Lataa * Loalas
K

A oLl +L ¢ -
qA  "A'qA * Tam'qf e
(10) -

‘ar " Letar ¥ Loglys oy
SRR

0=
qf Lfiqf * La‘qA -~ 4

.
'.

There exist two independent comnections between the phase windings of the

.
PRI .
VN PN Y TN

. o .
B MR
i et

rotor of M1l and the rotor of M2. The first of these is

ar VaA Lar “Laa N
Yor|! * VoAl lhoe} = ]toa (11) f::\-j:l
Ver Vea ler “tea ‘:_i

and the rotor reference frame angles are defined as

1

B=n (12)
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In this case, tue d and q axis quantities are

[v 4 r" - [v “] : ]
Yqr. VoA (13)
t‘td t

This connection is practical omly for subsynchronous operation.

E_ SAA S PR

P
T
e The a phase connection can be assumed to be the
l same for the second type of connection.
» ar v ". -‘l& - 1
- % I 0 IO T I Y (14) T
.-a. Ver Yo ter -‘\A o
o
T With reference frame definition
o 8= -n (15)
>~
o
v
b=
’. ' the d and q axis equations will be
= [a] [aj [*aj “Laa
2 - ' - (16)
N Yae L Y taa
s This second type of connection is practical omly for the supersyunchronous
f? opersting mode. Note that v , is positive for all practical operating

conditions. These connections are practical as they minimize the ratio of field

power to output power.
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Auuli.n.g that the practical connection is used for each mode, Equations 13

and 16 can be written as

Var © Yaa
idt - -idL
vqr = C‘ vq‘ (17)
i'q:.- - -cl i’qA
where
c. = ] subsynchronous operation
(18)

~1 supersynchronous operation

By interconnecting the rotor windings, two constraints are placed on the
system, and two of the eight equations in (3) and (9) must be eliminated. By

' combining the rotor equations and maintaining i dr and i.q: as state variables,
the system equations become:

Vas ~ Ts ds * I‘cw'd- * I‘n Plye we (I‘s"qs * Lm‘qr)

=r i _+Lp + L _pi

vqs 8 qa s "qs m "qr * Y (leda Ln"d )

4

0= (rr * 1'-A)"dr * (Lr + I‘A) p"dt * Lm Plys ~ LAm Plye

-w L (19)

s m 'qs Vs @, +L,) Lar ¥ Yoz Lam g

0= (rr + rA) e + (Lr + LA) Pio, + anxq. -C, Lo Plog

g (gl * (L + L)1 - L, ige]

ag " Telgg * Lg Pigg T LygPiyy " Weg (Lg i = Oy Ly i)

vqf * rf"qf * I'f pqu o caLAnpl'qr MY (Lf tag T LAm 1'clx')

c e . e . . e et ettt
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This set of equations is valid for either subsynchronous or supersynchrounous
operation. Existing programs for eigenvalue and time simulation were upgraded
to include these equations. DR
The programs assume that the field voltage is aligned with the 42 axis. P
The specification of initial conditioms is done in terms of ocutput terminal
quantities (voltage, current power, and frequency) as well as machine speed. 2;;3
This requires the definition of x, and ¥, axes for machine 1 and z, and y, axes L
for machine 2 which are displaced from the d, and d, axes by some constant . 3
angle. .The initial state problem is solved by setting the output voltage on the ;.;j
x, axis, solving for the rotor and field currents, and then reflecting these 7ﬁ<
quantities to the dl. dz, q and q, axes. .
The linearized analysis program and the simulation program were developed —d

from this analysis and verified by comparison of solution between the programs.

b) Resistance simulation

Previous studies of subsynchromous operation [3,5] had shown that stability
could be provided by feedback of the field curremts to simulate increased
resistance in the field circuit, thereby providing damping to the system. The

feedback equations are

v .

[ er [?ds] [Cl 0 ] [ldf] )

v = 0 = 0 ;

qf ¢, qu (20) o

Vdf and qu are the actual field voltage commands sent to the power converter, '
and Vdf is the simulated field voltage. The output voltage is regulated by an 3 .3
integral controller. The basic controller is shown in Figure 3. With . 'q
assumptions of ideal current and voltage sensing, and an ideal power comverter, R -f
the feedback quantity C1 exactly represents increased field resistance. These 5
assumptions are employed in this analysis. f&ﬁf
e
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Figure 3. Basic system controller with state feedback
of the machine field currents.
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C)  Results

The model given in parts a and b of this section was used to study the
controllability of the machines in supersynchronous operation. As the machine
control during subsynchronous operation was previously studied, a comparison
between these two modes was indicated. For this comparison, the machine
constants given in Table I were used. For both the sub- and supersynchronous
cases. The cases involve identical machines rum over 1.5:1 speed ranges.

The root loci for the machines are given in Figures 4 and 5. These figures
‘show the significant loci in the upper half of the s-plane. Both modes of
operation exhibit a complex pole-zero pair, with relatively close coupling of
this pole and zero. This pair is associated with the rotor winding of the
machines. The second complex pole~zero pair which is shown is related to the
field winding of the machines. Figure 4 compares sub- and supersynchronous
operation with no state feedback. In all cases, the open loop poles are lightly
damped. At low speeds, both cases exhibit a zero in the RHP near the jw axis.
At high speeds, both systems exhibit a zero far into the RHP. Figure 5 contains
the results with resistance simulation feedback ¢, = 59rf. As is true in
subsynchronous operation, the feedback successfully moves the open loop pole of
the system into the LEP. Additionally, close coupling between the rotor
pole-zero pair is obtained. At low speeds, the zero associated with the field
is located in the LHP and the system is stable for all integrator gains. As the
speed increases, this zero moves into the RHP, and the system becomes unstable
at high gain. Figure 5 shows that this movement of the zero occurs at a
relatively lower speed in supersynchronous operation than in subsynchronous
operstion. At the highest speed in subsynchronmous operation, the rotor zero
moves above the open loop pole, and the field locus crosses the jw axis below

the rotor pole-zero pair. These events also lead to degraded performance at

high gain.
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TABLE I S

MACHINE CONSTANTS FOR 40 KVA, 400 HERTZ . e
GENERATOR, SUPERSYNCHRONOUS 9600-14400 rpm ot
SPEED RANGE. PER UNIT VALUES GIVEN ARE THE L
MACHINE BASE. .

Machine 1 Machine 2

kvA 40.0 16.0
- poles ' 6 2
ki frequency, hz 400 160 ',f

k, stator resistance 0.02 pu 0.025 pu

stator reactance 4.08 pu 4.08 pu

rotor resistance 0.025 pu 0.02 pu D
rotor reactance 4.08 pu 4.08 pu

magnetizing reactance 4.0 pu 4.0 pu

.- - -
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involves shunt capacitance permanently connected at the generator terminals

, which supply VARS equal to 662 of the generator rating. The capacitors are
?ﬁ permanently connected to the generator to avoid the weight and reliability
Eg problems of a switch. The bank rating was chosen from steady state
!? considerations.
E; 16
:
N NN I N e A e e S e e

The results show that stability can be obtained by implementing resistance
simulation in both the subsynchronous and supersynchronous operating modes. For
the case studied, sufficient damping was obtained throughout the speed range of
interest to ensure goo@ response. The subsynchronous mode showed slightly
better characteristics at high spead, however, and it is possible that the
subsynchronous mode could out perform the supersynchronous mode in cases
involving a larger speed range. As :h: advantages of the cascade machine system
are most pronounced where small speed ranges are required, and it appears that
the sub~ and supersynchronous modes of operation are equally controllable for

low speed ranges.

Step 2: CDFM controllability with capacitive load

a) Analysis

The inital studies of the cascaded doubly fed machine (CDFM) geﬁerator
system involved a passive series RL load on the generator. In many
applications, however, it would be desirsble to place shunt capacitors at the
generator terminals to supply the load VARS and a share of the generator system
excitation requirements. This would reduce the current flow in the exciter and
field,

Step 2 of this project involves a study of the effect of this capacitance

on machine stability. The system diagram is shown in Figure 6. The study

-------- NN T T e T AT




: b
S
P F
passive
exciter / Y R~L
P exciter 4l DFM2 DFM1 L‘ load
' v C L

Figure 6. System diagram of the CDFM generator with capacitance
supplying excitation VARS. Reference directions for
the currents and voltages at the generator output are
shown.
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The addition of the capacitors will increase the state of the system by

for the capacitors and two for the load. The capacitor equations are:

i i
- c | P (1) " °
. PVes
i and the load equation are: - -
- - -
Vas pi aL i aL
“bs - L | + & L (22
»
- Ves | Pra | ta
When these are transformed by the output winding transformation (Equation 2),
- the system equations are (neglecting the O axis quantities):
" Vag T Bp Tar t Iy Plg "W ly i ™0
> (23)
i vqo*nthl.*I‘LP"qI.*weLL"dL.o
24p " tar T tas T C PV4e TWeC Voo
i oL (24)
% Yap " RqL T Yqs T G Yas *“eC Vaa
j‘.; wvhere i aL’ I'ql.' Vis and vq. have been chosen as the new state variables. The
) . . .
i incremental magnitude of the output voltage is:
X v v
V.- —5:2 Vis. * gse (25)
) 80 1 Vso s,
The initial condition calculations are performed in the same manner as in step
1. The computer programs used to study the system are listed in the appendix.
) 1
The results are presented in terms of linearized s-plane plots. The time ==
;:f simulation programs were used to validate these results. It has been found that f-f:i::z'
). 18 T
. T
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the system exhibits good time response when the real eigenvalue and the two
dominant complex pairs all bave negative real parts with magnitude greater than
0.1 pu. The lightly damped pole~gzero pair remains closely coupled with the
feedback strategies shown, and has negligible effect on the system response.

b) Results - field current feedback

The machines described in Table 1 were used to investigate the effect of
output capacitors on system stability. Due to the results of step 1 of the
project, only the subsynchronous operating mode was considered.

Pigure 7 shows a root 1ocun-study of the system with voltage regulator but
uo state feedback. The dominant poles of the system are shown on the upper half
of the per unit s~plane. The system is open loop unstable at the two upper
speeds. At low speed, a lightly damped low frequency pole quickly goes into the
RHP as controller gain is increased.

Field current feedback for resistance simulation was investigated. The
results show that a level of resistance simulation somewhat higher than that
employed in step 1 of the research will be effective in stabilizing a loaded
system. Figure 8 shows the root locus plot with resistance simulation (:1 = 2.0
pu vith.systen loading S8 = 1 t&l? pu, where 1.0 pu represents the rated output
KVA of the machine. Figures 9 and 10 shown the same feedback system at lighter
machine loads. With S = 0.25[2?, the low frequency loci has shifted to the
right, particularly at high machine speeds. With load further reduced, the
locus will shift completely into the RHP, as shown in Figure 10. In these
cases, the high frequency locus begins well into the LHP and moves into the REP

at very high gains.
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The system stability will be studied at light losd. S = 0.1L§2 is chosen,
as damping is reduced as the load power factor angle is reduced. Note that,
with capacitance, the genarator will be operating with low power factor leading -i;;

current with this load. Figure 11 shows the opea loop pole movement for the

system as C; is varied from 0 to 1 pu. This result shows that resistance

simulation alonme will not stabilize the system at this load level.

Next studied was the feedback equation

v v
df df 1 2 df (26)

v 0 C, ¢ iqf -
vhere Cl is the resistance simulation. C2 can be expected to provide some level o
of frequency shifting of the open loop poles [3].

Figure 12 shows the effect of C2 on the open loop poles of the system. It .- 23
can be seen that increased C2 will move the unstable pole into the LHP while ~

causing the previously well damped pole to move toward the RHP. The best

response was obtained with C1 = 0.2, C2 = 2,25. The root locus plot with
S-O.liéf is shown in Figure 13. While stable operation can be obtained at this
"loading the responmse time would be slow, particularly at high speed. Figure 14

shows the result of the increased load, with S = 0.2L§°. At this load level,

stable operation with good response can be obtained. Note that, with C, = 0.2
and C2 = 2,25, the locus of the high frequency pole initially breaks to the
left, while the locus of the low frequency poles breaks to the right. As a

result, the placement of the high frequency open loop pole cam be much closer to

the jw axis the placement of the low frequency open loop pole.

it 24

.........................................
......




Y4

‘ -
-
-

*jdeqpaaj 13yjo ou YIja

uda Qpz¢ wda 0009
0 c°0- °0~ 0 °0- Y%°0- . 0 2°0-

"0°T 03 0°0 woij pajiea du .Ao 19j0ueied }YOBqpa’dj 10301 UOFIBFIBA YITM Jusuwdasow atod dooy uadp Y1 2andfl

wda gQgYy = 1

$%°0-

S SR T

et
. Q
PP




5
~ .
& o
<
v
9 :
& o
a 9
- -
-9
(= e
(= -l .
g -
~ 3]
Q
~ T
-

6000 rpm

Open loop pole movement with variation of rotor feedback parameter C

0 to 2.50 with C1 = 0.2.

.
™~
L]
]
=]
s

]
-l
[




—
[
e

1

2 saajaweied }oeqpaaj aojoy ‘uyed uOumumwucq Suyseaiduy Yiya jJuswasow ayod dooy pasory ‘€[ 3inBy 4

2

wda 0009
2°0- A

“. ’ 'nd TV['Q = § Buppuoy welsks °Gz°Z = D ‘770 =
i

‘.
..

.-

p

..- .

Y. .--
. e
cn -.u-'.‘
] .
) L
. :

[ i

: 1
a . u«ﬂ i .

. I} m
) | iy

. v RiH

, ~ t TR (tH

: N ; bl
. H i “ :h r
3 } 2 HEY HH

. . m~ { _ i

] . *r.

’ --

; M
b, 51 i

P )

¥ clut):
b, i .."“*
b 3
‘. i |
A |
" !
. ]
" i
\ .r mm
’e Qm. T




) . L _ e o . 3 e
‘....- LTt F - . . i s s ¢ Y [l i ..“..\-..
b, * ] .Hn \”.
5 Yy

i

~".
-t e

-
-
W

-

: ‘nd T)z'0 = § e Buypeoy waisds -G7°Z = Zy z0= 1
) s1919weled )oeqpaaj 1oloy ‘-uyed uowwuwwu=« Suyseaiduy Yyiya Juswldaow afod dooy pasor) 91 aandtl

; wd1 00ZL wda 0009
v 0~

b’ ; .J ; .
¥ HEng
. .” _ _____
._ 1 o
g i ..r? )
. 1) _
..
; i

, i




............................. OO e o S UL SN N i -$;'{“

e

%o, "o

Due to the poor response at low power levels, the effect of adding feedback o g

from the output of the generator wvas studied. A number of feedback

possibilities were considered. It wvas considered that feedback of the d and q

axis output quantities would be more difficult to implement than feedback of o i
B
other quantities such as rms current, power, VARS. From the feedback strategies NS
w4
studied, the most successful were: s
a) Peedback of capscitor 4 and q axis curreant
v v C -cT 1 ’I 1. -1
} df . df _ 1 21‘ df L+ (dL ds) 27)
c b P i . -1 .
k Vaf 0 _2 cl, qaf ( qL qs)
L b) Feedback of machine output current -
— - r
v v..l e, -, i1 ’1 I
3 df-!_ ’Fdfg i T df! s, ,‘ds\ (28)
v L o | C, C, ' |iqfi 1
£1 2 1 z qs |
r *io< 4 -L -
{ c¢) Feedback of rms output current.
The rms current is
e s 2.5 24172
I' (},ds + qu ) (29)
and the incremental value is
l « e
dso 1 .
I - i + gso . A
sl I dsl I__ tgs1 (30) :
The feedback equation studied is _ ’
Vag Vs ! 4s €3 _
- - I 2
vqf (4] C2 iqf C3 s ::
d) Feedback of output power. ..-J
The output power is -".3:1:.33
Pom-lvig * vq.Lq.] (32) ?
-
'._"..1
R
e
Do
RO
R
.- 3 i
D o e S S e R R e
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with incremented power

P1 ® T Vdso *ds1 i‘dw Vas1 'qao iqsl - i'q.o vqal (33)
For feedback to the d axis,
Vie ) Vie i c, -c, ig c
v o c - P (34)
at 2 C1d [ge 0

Figure 15 shows a comparison of the open loop poles for feedback types a (dq
axis capacitor currents) and ¢ (output current magnitude). The field feedback
remains at cl = 0.2 and Cz = 2.25 pu.

Both yield incresses in dsmping at the low frequency eigenvalue, and cause
losses in damping at the high frequency eigenvalue. Figure 16 shows the closed

loop pole migration for a similar case of capacitor current feedback. The locus

diagrams are located well into the left half plane and stable operatiom with

@f good response is obtained. The dominant eigenvalues at integrator gain of G1 =
is 200 pu are shown in Table 2.

A study of power feedback (d) is shown in Figure 17. These loci are, for

the most part, similar to those seen in Figure 16, and will provide stability

vith good response with the proper choice of gain. Table 3 lists the dominant
eigenvalues for an integrator gain of 200 pu.
It is therefore possible to stabilize the system at light loads by

including feedback of an output quantity. Therefore the option of providing

output capacitors permanently connected to the gemerator would appear to be

feasible, and should be considered in the design of a CDFM generator system.
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TABLE 2

Figure 16. Eigenvalue location at gain of 200 pu.

speed
4800 rpm 6000 rpm { 7200 rpm

i_ eigenvalues
o -.16 -.12 -.09

o _ -.33 + j.31 -.26 + j.44 -.22 + j.60

- -.12 + j.88 -.12 + j.84 -.12 + j.76
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Conclusions :

This project considers two aspects of the comtrol of cascaded doubly fed
g machine (CDFM) generator systems. In the first step, the comtrollability of the
ii system in the supersynchronous operating mode was considered. The results show
that the supersynchronous mode exhibits similar characteristics to the

subsynchfonoua mode, which was considered during an earlier project. The
supersynchronous mode exhibits certain characteristics which could be
undersirable in systems requiring larger speed ranges then have been comnsidered
here.

The second step of the research comsidered the effect of shunt capacitance
connected at the gemerator output, with permanently connected capacitors. The .

results show that stability and good response can be provided with field curreant

feedback except at light load conditioms. At light loads, stability and good
response can be attained by including feedback of a gemerator output quantity. e
0f the options examined, feedback of the output power would appear to be the

most easily implemented system. The results of this step show that permanently
connected capacitors should be considered as a source of excitation for a CDFM

generator system.
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Per Unit System

The per unit system used is:
Base current = machine rated rms phase current
Base Voltage = machine rated rms volts

Base power = machine rated volt-amps

Base Frequency = machine rated output frequency

LV The other bases follow from these definitions. The
E; vere conducted on the output machine base. The base
[.‘ 2 7x frequency base.
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Appendix 2

Analysis and Simulation Program Listings =

Step 1
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DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.
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